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Abstract 

The biodegradable Polylactic acid (PLA), is a versatile thermoplastic polymer and one of the most 

eco-friendly materials widely adopted and used as the feedstock for 3D printing and manufacturing of 

elements used in various fields such as healthcare, textile, packaging, bio-medical devices, to name a 

few. PLA is also used in bio-composite materials.  Research is being made for the low-cost applica-

tion of PLA in the aerospace industry. With the exponential growth of 3D printing applications, char-

acterization of the filaments, used as the feedstocks, and the printed parts is essential for determining 

quality, controlling manufacturing processes, and making accurate model predictions of process and 

product performance.  In this research project, the flexural vibration analysis and contact analysis of 

the 3D-printed PLA beam specimens will be conducted.   

     Experimental and FEM-based numerical free vibration analyses of defective 3D-printed PLA 

cantilever beam specimens are presented.  The experimental setup and PLA specimens are briefly 

discussed. Experimental fundamental frequency results for defective, cantilevered, PLA beam speci-

mens are evaluated, and average fundamental flexural (bending) frequencies are reported. The defect 

is considered to be a single, symmetric, through-the-width, centrally located, delamination of various 

thicknesses, covering one-third of the beam specimens’ length.  The average frequency values are 

calculated based on three different trials, conducted to ensure the accuracy of the obtained results.                                    

     Numerical results, including fundamental frequencies and corresponding mode shapes, obtained 

through simulations carried out using Finite Element Analysis (FEA) Software (Femap with NX Nas-

tran) are also reported and discussed.  The comparison is made between the numerical (FEM) and ex-

perimental results. It is observed that the natural frequency drops for a small-thickness delamination 

(e.g., 0.1 mm), associated with the reduction in the flexural rigidity of the beam while the mass re-

mains virtually unchanged.  However, when the delamination thickness is further increased, the sys-

tem natural frequency increases. This can be explained by the fact that while, in this case, the sys-

tem’s flexural rigidity and mass both lessen, with latter decreasing more significantly than the former. 

As a result, the system’s natural frequency increases with growing delamination thickness.  

Keywords: 3D-printed components; flexural vibration; PLA; modal analysis; FEM.  
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1. Introduction 

In aerospace structural design, the static, stability, dynamic response and aeroelastic model-

ling and analysis are important disciplines. For any material, the structural dynamic and vibration 

response and aeroelastic analyses starts with free vibration analysis to extract the system natural 

frequencies and modes.  The fundamental frequency is the lowest frequency at which a system will 

oscillate freely. The system’s fundamental frequency is affected by stiffness, mass, and boundary 

conditions, and by damping, if any.  

The importance of lightweight design in the aircraft industry has been an important issue as 

the weight reduction leads to improved fuel efficiency, reduction in carbon footprint, and improved 

flight performance, to name a few. Similarly, sustainability is a significant issue that needs to be 

addressed to reduce emissions and improve air quality. The weight reductions can be achieved us-

ing composite materials, with a growing interest in the use of natural fibers and matrix materials.   

In recent years, the biodegradable Polylactic acid (PLA), a versatile thermoplastic polymer 

and one of the most eco-friendly materials has drawn the scientists’ and engineers’ attention. PLA 

has already been widely adopted and used as the feedstock for 3D printing and manufacturing of 

elements used in various fields such as healthcare, textile, packaging, bio-medical devices, and so 

forth.  PLA is also used as matrix in bio-composite materials.  Research is also being conducted for 

the application of PLA in the aerospace industry. Although PLA can become brittle if it's exposed 

to moisture, its 3D printing is low-cost and provides useful solutions for low-cost applications in 

secondary structural components [1].  With the exponential growth of 3D printing applications, 

characterization of the filaments, used as the feedstocks, and the printed parts is essential 

for determining quality, controlling manufacturing processes, and making accurate model predic-

tions of process and product performance.   

In this paper, the results of a recent research on the transverse (flexural) vibrational analysis 

of defective, 3D-printed PLA beam specimens are presented.  The defect is assumed to be a single, 

symmetric, through-the-width, centrally located, delamination of various thicknesses, covering one-

third of the beam specimens’ length.  Applying cantilever boundary conditions, experimental modal 

analyses are carried out using a laser-based non-contact vibrometry system. The average frequency 

values are calculated based on three different trials, conducted to ensure the accuracy of the ob-

tained results. Numerical simulations and analyses are performed using Femap-based finite element 

method software and the system fundamental flexural frequencies are compared with experimental 

ones.  The paper closes with concluding remarks and future research directions.  

2. Experimental setup 

The methodology adopted to perform the dynamic investigation on the 3D printed polylactic 

acid (PLA) material samples is explained in this section. The design of the experimental set-up and 

the modal analysis was carried out in compliance to the ASTM standards. The basic setup schemat-

ic block diagram is illustrated in Figure 1 showing all the modular instruments connection points 

and lasers sequence.  The simple, yet modular, experimental setup includes a rigid horizontal extru-

sion attached to a metal table (partially seen in Figure 2b), attached to another rigid vertical that 

house three laser displacement sensors (Mitak 3). The heavy steel table provides an isolated plat-

form for the sensors and modular measurement equipment. The rest of the experiment test equip-

ment includes a PC, amplifier unit (HBM X400A), laser interface (Durham Instruments), and the 

bench power supply (BK Precision 673), all setup on a separate desk to ensure no vibrational inter-

ferences. The sensor mounts were designed in CATIA (Figure 2a), converted to STL (Stereo lithog-

raphy format), and then 3D printed. This configuration provided easy adjustment of the sensor 

height along the specimen and could accommodate for different test specimen lengths.  
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Figure 1. Experimental Setup Schematic.  

 

 

 

           
Figure 2. Experimental set-up: (a) the design in CATIA, (b) the complete set-up with a test coupon.  

 

The distance between the laser sensors to the test specimen was set to a value of 50 mm, per 

manufacturer specs for exploiting the complete range of vibration-triggered displacements of the 

test specimen, and a bracket was used to tightly clamp the test specimen ensuring its centerline is 

along the incident laser sensor beams.  The sensor setup is designed to capture the fundamental 

bending frequency of the test specimens. The use of three (redundant) sensors is to ensure that only 

the targeted bending mode frequencies are detected by all sensors.  

The bench power unit step-down voltage, set to 24V-DC, powers the laser sensors through a 

laser interface. The analogue output voltage from the laser interface is delivered to the HBM 

X400A amplifier that delivers the measurements to the PC based DAQ software.  

Finally, the time domain and frequency domain results of the test specimen beams are ob-

tained using the HBM CatmanAP software. The cantilever boundary conditions are used.  
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3. Specimens’ geometry, design, and manufacturing 

The test specimen geometry is selected in conformance with Section 8 of the ASTM E1876-

15 standard, i.e., a minimum ratio value of 5 between the length and the thickness of the beam, and 

preference for a ratio of 20 to 25 for ease of calculations. A brief literature survey revealed that 

based on PLA material used, the ranges were determined to be 200 to 500 mm in length, a width of 

10 to 50mm, and a thickness ranging from 2 to 5 mm.  

The laser sensors are stacked vertically across the test specimen centreline require a specimen 

length of at least 260 mm. Specimens are 3D printed in XYZ build orientations (i.e., along the 

length of the beam, 0o), and a specimen length of 271 mm, width of 30 mm, and thickness are 3.51 

mm, with a clamping length of 30 mm were selected (i.e., a free, effective, vibrating length of 241 

mm), Figure 3.  

 

 
Figure 3. The PLA beam specimen with various delamination thicknesses, in this case 0.5mm.  

 

The defect is a delamination, deliberately created during the 2D-printing process by inserting 

a layer of non-sticking material at the middle of the beam thickness.   A single, symmetric, through-

the-width, centrally located delamination of various (0.5 mm, 0.25 mm, and 0.1 mm) thicknesses, 

covering one-third of the beam specimens’ length, was used. The average frequency values are cal-

culated based on three different trials, conducted to ensure the accuracy of the obtained results.  The 

properties of PLA specimens, as provided by previous researchers [2,3], are as follows: 

E1=3.15GPa; E2=3.12 GPa; E3=2.92 GPa, G12=1.1669 GPa; G23==1.1548 GPa; G13=1.678 GPa, 

with Poisson ratios: 12= 23= 13= 0.35, and mass density of ρ=1175.8 kg/m3.  

4. Experimental results 

This section presents the experimental results obtained for the 3D-printed PLA specimens. 

Three different trials were conducted for each specimen to account for accuracy.  The time domain 

and frequency domain results of the test specimen beams are obtained using the HBM Catman AP 

software [4]. As mentioned before, for each specimen tested, the fundamental flexural frequency is 

calculated based on the average frequency values are obtained based on three different trials, conducted to 

ensure the accuracy of the obtained results. In addition, the specimen has 30mm of clamping (i.e., a 

free, effective, vibrating length of 241 mm).  

4.1 Experimental results of the specimen with delamination thickness of 0.5 mm 

The frequency spectrum for the specimen with delamination thickness of 0.5 mm, captured by Laser 1, 

first Trial, is presented in Figure 4. As can be seen from the figure, the fundamental frequency is 

13.94 Hz. For the first trial, the frequency captured by Laser 2 and Laser 3 are, respectively, 13.99 

Hz, and 14.01 Hz.  When it comes to the 2nd trial, the system’s fundamental frequency evaluated by 

Lasers 1, 2, and 3 were 13.99, 13.96, and 13.99 Hz, respectively. The fundamental frequency of the 

system obtained from the 3rd trial were 13.99, 14.01, and 14.04 Hz, respectively, captures by Lasers 

1, 2, and 3.  
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4.2 Experimental results of the specimen with delamination thicknesses of 0.25 
and 0.10 mm 

The same experimental process as reported above was also repeated for PLA beam specimens with 

delamination thickness of 0.25 mm and 0.10 mm, and the frequency data were collected using Laser 

sensors 1-3, and in three trials.  The frequency collected data (and the corresponding displacement 

values read by the laser sensor) are summarized in Table 1 and Table 2.  

 

 

 
Figure 4. Frequency Spectrum: the specimen with delamination thickness of 0.5 mm (Laser 1-1st Trial) 

 

Table 1. Tabulated collected data and average fundamental frequency for different lasers 

Delamination thickness - 

Laser # 

Frequency/  

Displacement (mm) 

Trial-1 

Frequency/  

Displacement (mm) 

Trial-2 

Frequency/  

Displacement (mm) 

Trial-3 

Average 

Fundamental Frequency 

(Hz) 

0.5 mm- Laser 1 13.94 Hz/ 

at: 0.02932mm 

13.99 Hz/ 

at: 0.02916mm 

13.99 Hz/ 

at: 0.01515mm 

13.97 

0.5 mm- Laser 2 13.99 Hz/ 

at: 0.07621mm 

13.96 Hz/ 

at: 0.08130mm 

14.01 Hz/ 

at: 0.07116mm 

13.99 

0.5 mm- Laser 3 14.01 Hz/ 

at: 0.07358mm 

13.99 Hz/ 

at: 0.08055mm 

14.04 Hz/ 

at: 0.08166mm 

14.01 

0.25 mm-Laser 1 13.38 Hz/ 

at: 0.02819mm 

13.28 Hz/ 

at: 0.02650mm 

13.38 Hz/ 

at: 0.02451mm 

13.35 

0.25 mm-Laser 2 13.35 Hz/ 

at: 0.09052mm 

13.31 Hz/ 

at: 0.1001mm 

13.35 Hz/ 

at: 0.09128mm 

13.34 

0.25 mm-Laser 3 13.40 Hz/ 
at: 0.08944mm 

13.38 Hz/ 
at: 0.08854mm 

13.38 Hz/ 
at: 0.09594 mm 

13.39 

0.1 mm-Laser 1 12.82 Hz/ 

at: 0.03007mm 

12.82 Hz/ 

at: 0.02730mm 

12.84 Hz / 

at: 0.03429mm 

12.83 

0.1 mm-Laser 2 12.82 Hz/ 
at: 0.1252mm 

12.84 Hz/ 
at: 0.1252mm 

12.84 Hz 
at: 0.1366mm 

12.83 

0.1 mm-Laser 3 12.82 Hz/ 

at: 0.1171mm 

12.79 Hz/ 

at: 0.1288mm 

12.79 Hz 

at: 0.1463mm 

12.80 

 

Table 2: Experimental fundamental frequency 

Delamination thickness Average flexural fundamental frequency 

0.50 mm 13.99 Hz 

0.25 mm 13.36 Hz 

0.10 mm 12.82 Hz 
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5. Finite Element Analysis (FEA) of the specimen with delamination 

The numerical modal analysis was performed on the models of defective, cantilevered, PLA 

3D-printed beam specimens, incorporating delamination of 0 (intact), 0.1, 0.25 and 0.50mm thick-

nesses.  Femap with NX Nastran software were used and, based on the convergence test results, the 

FEM models were created using 653 CQUAD/CTRIA elements and 566 nodes, 6 DOF/node. The 

FEA frequency results for different configurations are summarized in Table 3 below, alongside the 

numerically calculated total mass for each specimen.  
 

Table 3: Numerical (FEM) Fundamental frequency and Mass 

Delamination thickness (mm) FEM-based Numerical Fundamental Fre-

quency (Hz) 

Numerical Total Mass (g) 

(from FEM software, Femap) 

Zero delamination (intact) 16.44 29.63 

0.10 15.90 29.37 

0.25 16.21 28.92 

0.50 16.26 28.22 

 

As can be observed from the data presented in Table 3, when a slight delamination thickness 

(0.1 mm) is induced, the system’s fundamental frequency decreases from that of the intact configu-

ration (16.44 Hz to 15.90 Hz). This can be attributed to the fact that, in this case, there is no signifi-

cant change in the mass (0.27 g), however, the delaminated beam is now less stiff than the intact 

one. This, in turn, results in a reduction in the natural frequency.  However, as the delamination 

thickness is further increased from 0.1 mm to 0.25 mm, the fundamental frequency increases from 

15.90 Hz to 16.21 Hz. The same trend is observed when the delamination thickness changes from 

0.25 mm to 0.50 mm. At first glance, one would expect an opposite trend, i.e., even further decrease 

in the natural frequency.   However, the observed trend can be explained by the fact that while larg-

er delamination thicknesses cause the beam to become hollower (i.e., reduction in mass), the beam 

stiffness does not get affected to the same extent. Consequently, the system’s fundamental flexural 

frequency increases.  

Table 4 shows the comparison between numerical and experimental natural frequency results 

for various delamination thicknesses.  It can be observed from Table 4 that the error percentage 

between the numerical and experimental fundamental frequency values varies between 14% and 

19%. At first glance, this discrepancy may seem large. However, it is not as significant as it looks. 

There can be several factors associated with these differences. First, the numerical results obtained 

through Finite Element Analysis (FEA) have some limitations. For instance, the fixed constraints 

imposed at the root of the beam specimens could be relatively stiffer than the actual experimental 

model.  Also, by nature, the imposed constraints coming from the displacement and interpolation 

functions will make the FEM model stiffer than the real structures.  Furthermore, the defective, 3D-

printed, PLA, beam specimens were found to be relatively irregular in shape, and do not have exact-

ly the same and uniform delamination thicknesses as the intended ones defined and used in FEM 

modelling. Hence, due to the geometry differences between the real delaminated specimens and 

modelled ones in Femap with NX Nastran, there are some differences in the results.   

 

 Table 4: Comparison between numerical (FEM) and experimental fundamental frequencies  

Delamination thickness (mm) Numerical Fundamental Frequency (Hz) Experimental Fundamental frequency (Hz) Percentage Error 

Zero (No delamination) 16.44283 Not available Not available 

0.50 16.26262 13.99 14.0% 

0.25 16.20500 13.36 17.6% 

0.10 15.89692 12.82 19.4% 
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6. Concluding remarks 

A modular experimental set-up, designed and manufactured for implementing the impulse ex-

citation technique (IET), was used to perform experimental modal analyses on 3D-printed PLA 

specimens, with intentionally induced delamination of various thicknesses.   The DAQ acquisition 

software was used to capture fundamental bending frequencies. Finite Element Analysis (FEA) 

software Femap with NX Nastran were also used to carry out the numerical modal analysis and the 

frequency data were compared with those obtained experimentally.   

To address the observed discrepancies, the experimental specimens can be scanned and scaled 

to 1:1 and subsequently modelled using FEM.  In addition, it is noteworthy that material properties 

used for the PLA beams modelling are those reported in earlier publications and could slightly vary 

from one spool to another.  

For future consideration, an attempt could be made to improvise a better understanding of 

the real properties of PLA material, with ever increasing applications in different industries.  Also, 

new techniques could be used to create delamination zones more accurately in the specimens, and to 

model them in the FEA. Further analysis can also be done including defect propagation and fatigue 

analysis on different specimens.  
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